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Effect of Annealing 
on Metal-Oxide Nanocluster
Naorem Khelchand Singh and Rajshree Rajkumari
Abstract
Recently, the development of optoelectronic devices based on metal-oxide 
nanocluster has attracted intensive research interest. Nanoclusters are suitable for 
these because of their large surface-to-volume ratio and the presence of abundant 
oxygen vacancies or trap states. Metal–oxides such as ZnO, In2O3, and TiO2 syn-
thesized using different technique produces high surface area films consisting of 
clusters and provides complete control over the film morphology. In this chapter, 
some of the metal oxides nanocluster film has investigated, and the effect of anneal-
ing on the structural, optical and electrical properties of the grown films when 
subjected to different annealing temperatures will be studied. Theoretically, these 
properties are presumed to improve after the heat treatment as the crystallinity, and 
the grain size of the film has increased due to the diminishing of oxygen vacancies. 
Thus, the greater surface-to-volume ratio, the better stoichiometry and higher level 
of crystallinity compared to bulk materials make nanocluster-based devices very 
promising for the mentioned application.
Keywords: nanomaterials, metal oxide semiconductor nanomaterials,  
fabrication technique, heat treatment, nano-devices
1. Introduction
Surface area and quantum confinement effects are the two important key factors 
that cause the properties of nanomaterials to differ significantly from the normal 
bulk materials. Among those nanomaterials, the metal oxide nanoparticles /nano-
clusters exhibit unique physical and chemical properties due to their high surface 
area and nanoscale size. As the particle decreases, a greater amount of atoms are 
found at the surface compared to those inside. The particle size is influenced to the 
structural characteristics namely the lattice symmetry and cell parameter) as well 
as electronic properties in any material. Metal oxide nanocluster finds its promis-
ing applications in optical and sensors [1], optoelectronics [2], photocatalysts [3] 
and biomedical applications [4]. Till now, there have been a considerable number 
of reports for the fabrication of various metal oxide nanocluster, such as ZnO 
[5–8], TiO2 [1, 3, 9], SnO2 [10–13], In2O3 [14–16], CuO2 [17–19], WO3 [20, 21]. The 
reported technique for the synthesis includes (a) physical synthesis such as pulsed 
laser deposition [5], glancing angle deposition [2], cluster beam deposition [22], 
and others; (b) chemical synthesis such as sol-gel [9], hydrothermal decomposi-
tion [18], and others; (c) biological synthesis using agro wastes, algal media, plant 
extract, fungi, yeast, and others.
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Metal oxide nanocluster in the context of high-performance optoelectronic 
devices based entirely on the structural, optical and electrical properties. The 
electrical conductivity of the device strongly depends on the surface defects, grain 
boundary, surface adsorbed oxygen and unsaturated dangling bonds. In fact, metal 
oxide nanocluster contains a considerable number of point and surface defects 
associated with the deviation from the stoichiometric composition. Moreover, the 
generation of oxygen vacancies in metal oxide nanocluster hampers the efficiency 
and accuracy of the device. So, in order to reduce the deformation in the surface 
structure and high defect density related to oxygen vacancies, heat treatment is 
necessary. Many studies reported on synthesizing metal oxide nanocluster followed 
by annealing in the different atmosphere. They have shown that annealing at an 
optimal temperature obtained smooth surfaces, reduced structural defects and 
improved the crystallinity of the metal oxide nanocluster. Owing to the high surface 
area of nanocluster, most of the atoms, dangling bonds, and local atomic defects 
exist at the surfaces texture of nanocluster rather than the inner cores. So, the 
surface of the nanocluster is unstable and has high chemical activity with a strong 
tendency to adsorb atoms from the surrounding environments. This active surface 
area is an essential factor in determining the detection limits or sensitivity. Aluri 
et al. have demonstrated highly selective and ultra-high sensitive sensors by func-
tionalizing the TiO2 nanoclusters on the GaN nanowire [23]. The deformation in the 
surface structure and the local defects acquire a vital role in the optical properties 
by creating energy bands in the band gap region which is an undesired scope in 
the field of optoelectronics application. Therefore, we expected that the annealing 
treatment can trigger the oxygen vacancies and improved the crystal quality of the 
nanostructure.
In this chapter, we will study the effect of annealing on different metal oxide 
nanoclusters for different applications. Besides reviewing the literature studied by 
the various groups, we will be focusing on the report from our research group.
2. Metal oxide nanocluster
2.1 ZnO nanocluster
ZnO is a striking n-type metal-oxide-semiconductor that has a wide bandgap of 
3.37 eV, large exciton binding energy of 60 meV and excellent chemical stability, 
electrical, optical, piezoelectric and pyroelectric properties. ZnO nanostructures 
have gained tremendous interest due to their potential applications in various 
nanodevices such as nanogenerators, field emitters, UV detectors, gas sensors, and 
solar cells. Due to their advanced technological applications, high qualities of zinc 
oxide nanostructures are greatly demanded.
Xuehua et al. reported the co-doped ZnO nanocluster fabricated by using 
nanocluster-beam deposition and its effect of annealing at 400 and 700°C on the 
structural, optical and magnetic properties for diluted magnetic semiconduc-
tors (DMSs) [24]. The XRD pattern showed the enhanced crystalline structure 
by increasing the annealing temperature. A possible explanation is that as grown 
nanoclusters were highly porous after the random nucleation of atoms under 
nanocluster-beam deposition. However, after annealing in air, the crystallite sizes 
were increased from 6 to 20 nm with fewer defects due to the agglomeration of 
nearby nanoclusters from the obtained thermal kinetic energy. It was also found 
that the absorption spectra of the annealed film become steeper as compared to 
the prepared sample. A blue shift appeared at 368 nm (3.37 eV) in the as-grown 
film mainly due to the quantum confinement effects. However, after annealing at 
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400°C, a redshift at 365 nm (3.39 eV) observed due to the increased in the crystal-
lite size induced by annealing. But, no change appeared as the annealing tempera-
ture increased to 700°C. The intensity has decreased after annealing in the range 
of 210–350 nm which indicate that the annealed sample attained more enhanced 
structure and crystallinity. A strong UV emission observed at 379 nm caused by the 
recombination of surface-bound acceptor-exciton complexes and the peak intensity 
of the UV emission became stronger after annealing due to the enhanced crystallin-
ity. The film annealed at 400°C exhibited the highest saturation magnetization of 
36 μemu. The improvement in saturation magnetization is due to the exchange of 
F-center mediation [25]. Thus, the results further suggested that the annealing at 
400°C strongly affect ferromagnetic performance.
Recently, Aljawfi et al. [26] studied the impact of annealing on the structural 
and optical properties of ZnO nanoparticles through auto combustion route and 
annealed in air at different temperatures: 200, 400, 600, and 800°C. They showed 
that the film annealed at 200°C had a low-quality crystal. As the annealing tem-
perature increased, the crystallite size increased to 37 nm from 13.8 nm. Due to 
annealing, the crystallites gained enough diffusion or activation energy and small 
crystallites migrate to relatively equilibrium sites in the crystal lattice with lower 
surface energy. The room temperature PL spectra with different annealing tempera-
ture were also studied. The sample annealed at low temperature (200°C) exhibited 
anomalous behaviors; where the UV-PL band evidently diminished that indicate the 
low crystal quality. The results also revealed the presence of clusters in the ZnO NPs 
associated with low annealing temperature, and the existence of clusters character-
ized by the diminished and blue shift in the UV band to lower wavelength. The 
increased in the intensity of UV-PL emission bands and the decreased in the inten-
sity of the VIS-PL band in sequence with further annealing indicated the improve-
ment in the crystallinity and reduction in the intrinsic local atomic defects. They 
also revealed that the annealing of ZnO clusters at or above 400°C optimized the 
crystallinity and enhanced the UV spectra related to optoelectronics application.
The heat treatment in air or pure oxygen may promote the reduction in oxygen 
vacancy and strong emission in ultraviolet band. Gao et al. further confirmed the 
above statement [27]. They have prepared the ZnO nanocluster porous films on 
a glass substrate by the successive ionic layer adsorption and reaction (SILAR) 
method and annealed at 400°C in Argon and air atmosphere for 2 h. A strong dif-
fraction peak of (100) for the sample annealed in the air is obtained which implies 
that oxygen in the annealing atmosphere can enhance the crystalline properties of 
ZnO. The film annealed in air/Ar posses increased in the transmittance due to the 
reduced porosity. Moreover, the peak emission intensity at 380 nm decreased after 
annealing which indicated the high optical quality of the ZnO layer. The emission 
at 380 nm corresponds to the intrinsic transition of exciton from the conduction 
band to the valence band. Thus, they inferred that the annealing in air enhanced the 
crystalline properties of ZnO rather than annealing in Argon but have no evident 
effect on the photoluminescence of ZnO film.
We have carried out the fabrication of ZnO nanocluster and SiOx/ZnO hetero-
structure nanocluster by using glancing angle deposition (GLAD) technique [28]. 
Glancing angle deposition (GLAD) technique is a physical vapor deposition tech-
nique for producing high-quality nanostructures as shown in Figure 1. The advan-
tages of the GLAD technique are as follows: (i) the nanostructure is of high purity 
as they prepared in an ultra-high vacuum without any catalysts; (ii) the porosity 
of the nanostructure can be controlled by changing the incident angle; (iii) there is 
almost no restriction on materials since the growth process is thermal evaporation; 
(iv) the shape, and in-plane alignment of nanostructure can be easily modified;  
(v) self-alignment due to the shadowing effect directly on the device substrate 
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without the need for any additional experimental set up; and (vi) the technique 
could be used for commercial purposes.
GLAD can be used to engineer the nanostructure films with morphological 
features such as nanorods, nanowires, nanoclusters, helixes, zigzags, by adjust-
ing the deposition angle, α and substrate rotation angle, φ. In this technique, three 
parameters determine the morphology of the nanostructure: the incident angle, the 
growth rate, and the substrate rotational speed. The high melting point materials 
have relatively low surface mobilities during the film growth processes. Therefore, 
during the growth process, a high melting point material flux is chosen to be incident 
onto the surface normal, and the substrate is rotating. GLAD produces nanostructure 
through the effect of shadowing during film growth with low surface mobilities force 
the adatoms to form porous nanostructures. Nanostructure films with their high sur-
face to volume ratio are a potential application for optoelectronic devices since their 
unique morphology can enhance the device performance, namely: photosensitivity, 
wavelength selectivity, response and reset times, and reproducibility and stability.
The basic deposition setup is the same as that of oblique angle deposition is 
shown in Figure 2; the only difference is that the substrate manipulated by the inci-
dent angle Ɵ and the azimuthal rotation of the substrate concerning the substrate 
surface normal. By combining the oblique angle deposition and substrate posi-
tional control, a technique is introduced which is called glancing angle deposition 
(GLAD). In this deposition technique, the collimated evaporation beam has a large 
incident angle α concerning the substrate surface normal therefore incoming vapor 
can be considered as vector F. This vector F has two components, a vertical compo-
nent  F ⊥ = F cos α and α lateral component Fǁ = F sin α. The substrate will receive the 
vapor from both the components, but for the growth of the nanoclusters, the depo-
sition should be preceded by  F ⊥ only, i.e., cancel out the Fǁ component. This forms 
the basis of the glancing angle deposition technique for the growth of nanoclusters. 
When the substrate rotates azimuthally, each part has an equal chance to receive the 
same amount of particle from the Fǁ component. After a complete revolution, the 
average ∑ Fǁ is zero due to the cancelation of Fǁ component at the opposite direc-
tions which means that there is no preferred orientation of the nanoclusters. By this 
technique purely nanoclusters will grow at the substrate surface.
The optical properties were carried out on both the samples by a UV–visible 
NIR spectrophotometer and photoluminescence spectroscopy (HITACHI, F-7000 
FL spectrophotometer). Fourier transform infrared radiation methods (PERKIN 
ELMER, LAMBDA 900) were also carried out on both the samples. The average 
Figure 1. 
(a) GLAD about incident angle α of the vapor flux and (b) substrate azimuthally (φ) rotation.
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crystallite size of the ZnO nanocluster and SiOx/ZnO heterostructure nanocluster was 
found to be ~7.101 and ~10.14 nm respectively. The increase in crystallite size suggests 
the decrease in the existence of grain boundaries in the SiOx/ZnO heterostructure 
nanocluster [29]. Moreover, the decrease in the average lattice strain observed from 
0.01641 (ZnO nanocluster) to 0.01336 (SiOx/ZnO heterostructure nanocluster).
The optical absorption spectrum showed in the wavelength range from 320 to 
800 nm of the ZnO nanocluster and SiOx/ZnO heterostructure nanoclusters in 
Figure 3.
ZnO is known to have a large number of defects like oxygen vacancies. When a 
photon generates an electron-hole pair, recombinations are more likely to take place 
in the oxygen vacancy. ZnO nanoclusters have a continuous absorption in the UV 
range as shown in Figure 3, demonstrating the presence of a noticeable amount 
of metallic zinc and a considerable amount of defects [30]. Some recent studies 
have shown that SiOx has a conductive property. When electron-hole pairs initially 
generated in the ZnO nanocluster, the generated electrons accumulate in the con-
duction band, and they are attracted to the trap level of SiOx [31]. Hence, due to the 
presence of SiOx beneath the ZnO, an enhancement of the light absorption in the 
visible region beyond 400 nm as well as the near-infrared region can be observed.
The room temperature PL spectra of ZnO nanocluster and SiOx/ZnO hetero-
structure nanocluster measured under 325 and 350 nm excitation (Figure 4). For 
comparison, PL spectrums showed for both the samples in the same figure. The 
excitation wavelength of 350 nm exhibits only a strong emission band in the blue 
region for both the samples attributed to near energy bandgap. The near band gap 
energy comes from the electron–hole recombination at a deep level (DL) emission 
in the band gap caused by intrinsic point defects and surface defects, e.g., oxygen 
vacancies, zinc interstitials. The blue emission peak at 450 nm (~ 2.75 eV) usu-
ally results from the radiative recombination of delocalized electrons close to the 
conduction band with deeply trapped holes in zinc vacancy. The intensity of blue 
emission under excitation wavelength 325 nm of ZnO nanocluster reduced slightly 
and exhibited non linear increase-decrease dependence, first increasing, the satura-
tion at the bandgap energy as the optimal excitation energy and finally decreasing 
Figure 2. 
The cancelation of the Fǁ component due to the rotation. Only  F ⊥ contributes effectively to the increasing height 
of the nanostructure.
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but still effectively emitting as slowly dropping tail emission peaks at 467 nm is 
attributed to the transitions from Zni states to the valence band [32].
SiOx/ZnO heterostructure nanocluster exhibited much lower emission intensity 
than ZnO nanocluster indicating that the recombination of the photogenerated 
charge carrier significantly inhibited in SiOx/ZnO heterostructure nanocluster. 
The efficient charge separation may increase the lifetime of the charge carriers and 
enhance the efficiency of the interfacial transfer to adsorbed substrates and then 
account for the higher activity. Also, the peak shift from 450 to 457 nm in SiOx/ZnO 
Figure 3. 
The optical absorption spectrum of ZnO nanocluster and SiOx/ZnO heterostructure nanocluster.
Figure 4. 
Photoluminescence spectrum of ZnO nanocluster and SiOx/ZnO heterostructure nanocluster.
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heterostructure nanocluster may be due to the radiative recombination of photo-
excited electrons. These photoexcited electrons that accumulate in the conduction 
band of ZnO are attracted to the trap level of SiOx due to the difference in work 
functions of ZnO and SiOx [31].
FTIR spectra of ZnO nanocluster and SiOx/ZnO heterostructure in the spectral 
range of 400 to 1500 cm−1 shown in Figure 5 consisted of several bands at 420, 610, 
738, 819 and 1109 cm−1. The peak at 420, 610 and 738 cm−1 indicates the presence of 
ZnO which is in good agreement with the results obtained by XRD and attributed to the 
stretching vibration mode and also be related to the influence of shell induced strain 
and the appearance of ZnO bond between Zn and O atoms of the shell [33]. The spectra 
also show the bending vibration of Si▬O▬Si at 819 cm−1 indicating the bonding 
between the substrate and SiOx. The peak located at 1109 cm
−1 assigned to asymmetric 
Si▬O stretching is due to interstitial oxygen impurities dissolved in the Si substrate. In 
SiOx/ZnO heterostructure nanocluster, the entire peak transmittance % got quenched. 
Together these results identified the presence of SiOx which exist near the ZnO surface.
The above work indicated that the SiOx/ZnO heterostructure nanocluster could 
account for higher activity in optoelectronic devices. So, we further annealed the 
SiOx/ZnO heterostructure nanocluster at 550ºC for 1 h in open air [2]. The anneal-
ing treatment was carried out in the muffle furnace. The crystallinity improved 
after annealing owing to the decrease in the defect density. Also, the increased 
crystallite size attributed to the coalescence of grains. Moreover, the annealed 
sample becomes smoother as shown in Figure 6 and offer a large surface area 
ascribed to the agglomeration of smaller nanocluster. The authors also confirmed 
that the oxygen content increased to 20.90% due to the adsorption of O2 at the time 
of open-air annealing and hence, absorption is enhanced in the case of the annealed 
sample as shown in inset Figure 6.
The authors also reported the optical absorption spectrum in Figure 7(a) of the 
wavelength range from 320 to 900 nm of the bare ZnO nanocluster, as deposited 
and annealed SiOx-ZnO heterostructure nanoclusters. An enhancement of aver-
agely 1.5 times photon absorption is observed in the annealed sample with sharper 
band edge which indicated the formation of the improved crystal structure of 
the sample [30]. However, the decreased in the absorbance after annealing in the 
Figure 5. 
FTIR spectra of ZnO nanocluster and SiOx/ZnO heterostructure nanocluster.
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wavelength range of ~374 to 478 nm is attributed to the change in the band gap. A 
continuous absorption is seen in the visible range of the as a deposited sample due 
to the noticeable amount of metallic zinc and a considerable amount of defects. The 
light absorption is enhanced in the visible region beyond 400 nm to NIR regions. 
Additionally, the voids were filled up with the O2 after annealing which enhanced 
the probability of main band transitions and therefore the absorption in the UV 
region. Also, the subband transition of SiOx shows the maximum absorption of at 
around 2.7 eV in the visible region. The interaction between Si-Si increased and 
formed the Si nanocluster in the SiOx due to annealing. The absorption is in the near 
infrared region is due to the presence of Si. However, no light absorption beyond 
850 nm was observed because Si absorbed light efficiently up to near infrared 
region only. That is why there is a steep change of absorption at 850 nm.
We have obtained the increase in the transmittance after annealing which attributed 
to the decreased in defects and an increase in the ZnO to Zn ratio [30]. The absorbed 
oxygen after annealing fills up the oxygen vacancies, hence reducing the density of this 
donor like defects. The main band gap of ZnO film is 3.37 eV [34]. However, the band 
gap of the as deposited SiOx-ZnO heterostructure nanocluster is found to be 2.94 eV 
due to the downward shift of the conduction band. The less band gap associated with 
many-body interactions between the carriers in the conduction band and valence band 
called bandgap renormalization [35]. However, after annealing, the optical band gap 
increases to 3.44 eV which is influenced by the change in charge carriers and can be 
explained by Burstein Moss (BM) effect [35].
Figure 6. 
FEG-SEM images of the SiOx-ZnO heterostructure nanoclusters: (a) top view (as deposited); (b) EDAX 
analysis of as-deposited; (c) annealed and (d) top view (annealed).
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The PL spectra of the as deposited and annealed SiOx-ZnO heterostructure 
nanoclusters with different excitation wavelengths of 325, 350 and 375 nm under 
same 370 filter (Figure 8) also studied. The peak intensity significantly increased 
due to the formation of Oi and OZn after annealing at 550°C. Generally, the emis-
sion peak of ZnO nanostructure centered at around 415 nm. This emission peak 
arises due to the radiative defects in ZnO. However, in our case, the emission peak 
at around 420 nm is due to the radiative recombination of photoexcited electrons. 
These photoexcited electrons that accumulate in the CB of ZnO are attracted to 
the trap level of SiOx due to the difference in work functions of ZnO and SiOx. The 
intensity of blue emission exhibited a non linear increase-decrease dependence, first 
increasing, the saturation at the bandgap energy as the optimal excitation energy 
and finally decreasing but still effectively emitting as slowly dropping tail emis-
sion peaks at 450 nm and 468 nm which attributed to the transitions from Zni and 
extended Zni states to the valence band respectively. These extended states formed 
during the annealing process according to the defect ionization reaction [32].
2.2 TiO2 nanocluster
Titanium dioxide (TiO2) is a wide bandgap semiconductor with an indirect 
optical bandgap ranging from 3.2 eV for the anatase phase to 3.0 eV for the rutile 
phase. The unique physical, chemical, and optical properties have motivated more 
researchers in many applications such as sensors, photo-electrochemical water 
Figure 7. 
(a) Optical absorption of as deposited ZnO nanocluster, as deposited and annealed SiOx-ZnO heterostructure 
nanocluster and (b) transmittance (c) (αhʋ)2 versus hʋ curve of as deposited and annealed SiOx-ZnO 
heterostructure nanocluster.
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splitting, dye-sensitized solar cells, photo-catalytic performance, memory devices, 
and photodetector.
The surface area of the nanostructure is one of the essential factors in determin-
ing the sensitivity of the chemical sensors. However, the surface/adsorbate interac-
tions of the nanowires are often limited and non-specific. So, the functionalization 
of the NWs surface with metal/metal oxide nanoparticle or nanocluster focus at 
resolving the deficiencies of the NW-based devices. GS Aluri et al. demonstrated 
GaN nanowires decorated with TiO2 nanoclusters for selectively sensing benzene 
and related aromatic environmental pollutants such as toluene, ethylbenzene and 
xylene [23]. The TiO2 nanoclusters act as catalysts design to increase the sensitivity, 
lower the detection time since nanoclusters/nanoparticles can increase the adsorp-
tion of chemical species by introducing additional adsorption sites. Herein, TiO2 
nanoclusters fabricated by using RF magnetron sputtering followed by an annealing 
at 650–700°C in a rapid thermal processing system of ultrahigh purity Ar. The TiO2 
were amorphous in as-deposited film. Upon annealing of TiO2 nanoclusters at 700°C 
for 3 s, the phase changed to anatase in the TiO2 clusters. The I-V curve was nonlinear 
and asymmetric in the as a deposited sample but the current increased with the depo-
sition of TiO2 nanoclusters and significant change occurred when the device annealed 
at 700°C. They have also shown that the photoconductivity increased almost two 
orders of magnitude for the device decorated with TiO2 nanoclusters. The enhance-
ment of photoconductance after decorating nanoclusters to nanowires is attributed to 
the separation of photogenerated charge carriers by a surface depletion field, thereby 
increasing the lifetime of the photogenerated carriers. Thus, these results demon-
strated the potential of hybrid chemical sensors using TiO2 nanoclusters.
Wei et al. have prepared the R-TiO2 clusters by post-deposition oxidation of Ti 
clusters with rapid thermal annealing in an oxygen atmosphere [36]. The R-TiO2 
clusters showed the highest crystalline structure as compared to Ti, TiO, and 
A-TiO2. In a different work, Ag-TiO2 nanocomposite was prepared by DC reactive 
magnetron sputtering followed by vacuum annealing treatment from 200 to 800°C. 
Figure 8. 
Photoluminescence spectrum of as deposited and annealed SiOx-ZnO heterostructure nanocluster.
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The friction coefficient increased from 0.21 to 0.7 after the sample annealed at 
800°C [37]. Recently, Song et al. fabricated the TiO2 nanocluster-SiOx (x˂2) using 
atomic layer deposition (ALD) for the properties of resistive switching. They per-
formed thermal annealing in N2 ambient at 900°C for 3 h using a thermal furnace. They 
have reported the current on/off ratio of the device is about 105 (reading at +1.0 V),  
which is much higher than that of many Resistance change random access memories 
(RRAM) devices of TiO2 [38].
TiO2 nanocluster determined the photocatalytic activity by its crystalline phase 
(anatase and rutile), crystallite size, specific surface area, pore structure, and 
crystallinity. Khan et al. reported that the crystallization of TiO2 film to anatase 
crystal phase starts occurring at the annealing temperature of 300–600°C in the air 
which improves the crystal structure of the TiO2 anatase [39]. Bin et al. investigated 
the effect of GLAD on TiO2 nanostructure with different annealing temperature 
for the morphology, and crystallization and PL. The average size increased with the 
increase in annealing temperature, and defects were reduced [40].
Min Liu et al. reported the photochemically inactive Ti3+ self-doped TiO2 pre-
pared by a facile one-step thermal oxidation into an efficient visible light-sensitive 
photocatalyst by the grafting of Cu (II) oxide amorphous nanoclusters [41]. The 
grafting of Cu (II) oxide onto TiO2@Ti3+ performed by the impregnation method 
shown that the grafting of Cu (II) nanoclusters to TiO2 increased the absorption 
intensities in the 420–550 and 700–800 nm wavelength regions assigned to the 
interfacial charge transfer (IFCT) VB electrons to surface-grafted Cu (II) nanoclu-
sters. On the contrary, the grafting of Cu (II)-TiO2@Ti3+ the absorption intensities 
decreased slightly in the range of 420–550 nm wavelength region, while the increased 
in the absorption intensities can also be observed in the range of 700–800 nm wave-
length region attributed to the d-d transition of Cu(II). They have shown that the 
TiO2@ Ti3+ had a negligible activity either under visible light or UV light irradiation 
without the grafting of nanocluster. After grafting, they have switched to an  
efficient photocatalyst. Further, they have studied the photocatalytic activities of  
Cu (II)-TiO2@Ti3+ under visible light irradiation at 400–530 nm (1 mW/cm
2) with 
different annealing temperature. However, the ratio of TiO2 to Ti2O3 greatly influ-
enced the morphology and the degree of oxidation states rather than annealing.
2.3 Tungsten oxide nanocluster
In the family of metal transition oxides, tungsten trioxide (WO3) have attracted 
due to their distinctive properties such as chromogenic properties, gas sensitivity, 
and photosensitivity. Tungsten oxide nanoclusters were fabricated using supersonic 
cluster beam deposition (SCBD) by Zhao et al. [21] for examining the H2 sensing 
properties. Further, the sample was post-annealed at 250°C for 12 h. They showed a 
large sensor signal of 1200 at 3000 ppm of H2 in the air due to the small cluster size. 
The response of H2 was over a broad range from 4 to 20,000 ppm. Moreover, the 
detection limit is as low as 0.042 ppm. Lastly, the sensor exhibit fast response rate.
2.4 Iron oxide nanocluster
The unique properties such as superparamagnetism arise from the fluctuation in 
the direction of the magnetic moment in a single domain nanoparticle due to ther-
mal agitation. Marin et al. reported a novel core-shell superparamagnetic iron oxide 
nanocluster under annealing treatment [42]. The annealing of iron oxide nanoclu-
ster at 300°C for 3 h in air greatly influences the magnetic properties. Due to the 
thermal decomposition of the surfactants during the annealing treatment and in 
the absence of oxygen inside the nanoclusters led to the formation of an amorphous 
Concepts of Semiconductor Photocatalysis
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carbon” coat” around the maghemite nanoparticle. After the annealing treatment, 
the value of saturation magnetization is increased by about ~13.6%. This increase 
in the magnetization of the annealed sample can be attributed to the degradation 
and decomposition of the surfactants and their release of gas products during the 
annealing treatment from the sample, i.e. to the higher content of the magnetic 
material in the annealed sample. They showed the decrease in the interactions in the 
annealed sample indicated that the maghemite nanoparticles are better isolated and 
shield each other with the amorphous carbon.
Apart from the nanoclusters, the effect of annealing on metal oxide nanostruc-
tures such as indium oxide and tin oxide will be discussed in the next section.
2.4.1 Indium oxide
Indium oxide (In2O3), known as an n-type, is a wide-bandgap transparent semi-
conductor (with a direct bandgap of ~3.6 eV and an indirect bandgap of ~2.5 eV) 
is of great interest for diverse technological applications in nanoelectronics and 
optoelectronics. Zero-dimensional In2O3 nanoparticles/nanoclusters, with a variety 
of tunable, are beneficial as building blocks for indium oxide-based or hybrid tran-
sistor. Their remarkably surface-to-volume ratio and good stability have made them 
promising materials in gas sensors/biosensors, photocatalysis, photoelectrochemical 
cells, and ultraviolet photodetectors. Despite the advantages, In2O3 nanostructure 
usually encounters low conductivity, and this could decrease the stability and 
efficiency of the device. Due to the weak interconnection between the nanoparticles/
nanoclusters, the carrier transportation between the NPs lost at the interface due to 
the charge delocalization. One way to solve this problem is to improve the structure 
by annealing and plasma treatment.
Kong et al. reported the zero-dimensional In2O3 nanoparticle sample showed an 
improvement in the crystallinity and a more compact structure after the thermal 
treatment [43]. It also showed an improvement in the optical and electrical proper-
ties of the In2O3 nanoparticle. Flores et al. studied the effect of annealing on the 
electrical, optical and structural properties of the undoped In2O3 nanostructure [44]. 
The film first annealed at 300°C in the air and the second annealing at 500°C results 
with a better passivation effect of the traps, whether located at grain boundaries or in 
the bulk of the indium oxide grains. So, the highest carrier concentration, mobilities, 
and band gap value obtained for the samples treated under 300 and 500°C. Sudha 
et al. [45] also investigated the crystallinity of In2O3 nanostructures along with the 
grain size augmented with annealing temperature. They observed that average grain 
size increased with increasing annealing temperature and explained by consider-
ing the thermal annealing-induced coalescence of small grains by grain boundary 
diffusion which caused significant grain growth. Microstrain and dislocation density 
present in the In2O3 nanostructure are found to decrease due to thermal annealing 
implies that the stress is compressive which is likely to be governed by the dominant 
crystallization process. Senthilkumar et al. presented the influence of annealing 
temperature on the structural and optical properties of the In2O3 films deposited by 
electron beam evaporation technique in the presence of oxygen [46]. They have also 
proved that the crystallinity of In2O3 films improved with annealing temperature. 
The optical band gap is found to vary from 3.65 to 3.86 eV with increasing annealing 
temperature. The shift in the band gap to higher energies attributed to the increase 
in carrier density which arises from the filling of states near the bottom of the lowest 
state in the conduction band. The results also show that by increasing the annealing 
temperature, the electrical resistivity of In2O3 thin films decreases which is related 
to the increase of the mobility and carrier density. Thus, the annealing temperature 
plays a vital role in the conductivity of the In2O3 nanostructure as well.
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2.4.2 Tin oxide
In recent years SnO2 has attracted a lot of interest because of its outstanding 
electrical, optical and electrochemical properties and these properties enabled 
the application of SnO2 in solar cells, catalytic support materials, transparent 
electrodes, and solid-state chemical sensors. Among the various phases of tin 
oxides, SnO is the most metastable phase, which is mostly formed at high annealing 
temperatures (450 and 750°C). The size, morphology, and phase of the tin oxide 
nanoparticles can be effectively modified by the process of annealing. The effect 
of pH and annealing temperature on the properties of tin oxide nanoparticles 
prepared by the sol–gel method has reported [47]. The samples were annealed at 
200, 400, 600, and 800°C. The average crystallite size increased with the increase 
in annealing temperature. The surface morphology of the tetragonal SnO2 nanopar-
ticles studied by scanning electron microscope revealed the formation of spherically 
shaped agglomerations.
On the other hand, carbon nanomaterials composed of sp2 bonded graphitic 
carbon are found in different dimensions including zero-dimensional fullerenes, 
one-dimensional carbon nanotubes (CNTs), and two-dimensional graphene. 
Owing to the unique structure and physical properties, carbon-based nanomateri-
als have gained lots of interests in electronic, optoelectronic, photovoltaic, and 
sensing applications. Among the different carbon nanomaterials, CNTs provides 
unique opportunities for novel optoelectronic properties since semiconducting 
CNTs are direct bandgap materials that possess free electron-hole pair excitations 
as well as strongly bound electron-hole pair states called excitons. One dimensional 
nature of CNTs produces van Hove singularities in the density of states that result 
in strong optical absorption and emission with energies. The use of graphene 
for optoelectronic devices is limited due to its zero band gap at the Fermi level. 
However, by tuning the band gap, graphene can be an ideal candidate for opto-
electronic devices [48]. CNTs are also chemically inactive due to their strong sp2 
bonding in a near perfect hexagonal network and this prevents the formation of 
chemical bonds with most molecules. Its reactivity can be improved towards dif-
ferent gases by decorating the CNTs wall by metal or metal oxide nanocluster due 
to its physico-chemical properties (e.g. high catalytic activity, adsorption capacity, 
efficient charge transfer, etc.). Nanoclusters play a major role in the gas detection 
pathway, in which sensitivity and selectivity can be tuned based on the reactiv-
ity of the nanoclusters surfaces and on the nature of the charge transfer between 
carbon nanotubes and nanoclusters induced by gas adsorption [12]. In addition, the 
incorporation of metal nanoclusters (Ag, Au) inside carbon host matrix can add 
functionality to carbon films. However, the high internal stress of carbon can affect 
the structural evolution of metal incorporated carbon film. Jose et al. [49] studied 
the influence of annealing in argon at 300°C on the conductivity, phase stability 
and electronic structure of hydrogen-free amorphous carbon (a-C) films contain-
ing copper (aC:Cu) and gold (a-C:Au) nanoclusters. They showed that the a-C host 
matrix increased its graphitic character and stress was relieved upon annealing due 
to increase in the high energy side of the σ* region. Also, the structural transforma-
tion after annealing the carbon incorporated nanoclusters changes their electronic 
conductivity and apparent optical bandgap.
3. Conclusions
The chapter reviewed the effect of annealing on ZnO, SiOx, and TiO2 nano-
cluster for different applications. ZnO, SiOx, and TiO2 have been fabricated using 
Concepts of Semiconductor Photocatalysis
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different physical and chemical method. Our work demonstrated the influence of 
annealing on optoelectronics properties on GLAD synthesized SiOx-ZnO hetero-
structure nanoclusters. The post-annealing treatment in oxygen ambient improved 
the structural, optical and electrical properties. Nanocluster based devices outper-
form their bulk counterparts. In addition, some different metal oxide nanostructure 
and its effect of annealing also discussed. Therefore, we may conclude that future 
nanodevices based on nanocluster should be paid attention to the industrial and 
commercial applications.
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